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Abstract
The crystal structure of MoS2 with strong covalent bonds in plane and weak van der Waals in-
teractions out of plane gives rise to interesting properties for applications such as solid lubricants,
optoelectronics, sensors and catalysis. Transition-metal doping has been shown to enhance per-
formance in solid lubrication and catalysis. However, the mechanism for improvement, especially
in coefficient of friction and reduction in wear for lubrication is unclear, which we address in this
paper with theoretical calculations. Our previous work investigated Ni-doped MoS2 in the bulk 2H
phase with structure, elasticity, thermodynamics, and Raman/IR spectroscopy to help experimen-
tal identification of the previously unclear structure. This work now explores other polytypes (1H
and 1T monolayer, and 3R bulk) to determine favorable sites for Ni, the doping effect on crystal
structure, electronic properties and the layer dissociation energy. The doping formation energy for
Mo and S substitution or intercalation/adsorption shows the most favorable are tetrahedral inter-
calation, Mo-atop and hollow site in bulk phases, 1H and 1T respectively and suggests a possibility
of phase change from 2H to 3R under substitution. The structural analysis shows Ni-S bond con-
traction in Mo substitution and Mo-Ni elongation in S substitution, with respect to pristine Mo-S
bonds. Mo substitution shows a Jahn-Teller-like distortion to four-fold Ni coordination. In-plane
change in lattice parameters were small but lattice parameters out of plane change notably at high
doping concentration. We find metallic behavior in 3R and 2H under Mo substitution, and in-gap
states for Mo and S substitution in 1H, which could have interesting optoelectronic applications.
Doping the 1T phase resulted in reconstructions leading to a metal-semiconductor transition. Fi-
nally, we computed the layer dissociation energy and found that Ni doping strengthens the layer
binding which can explain the mechanism of low wear. Our systematic study shows the effect of
doping concentration and is extrapolated to the low-doping limit. This work gives insight into
the previously unclear structure of Ni-doped MoS2, the relation of energy and structures of doped
monolayers and bulk systems, the electronic properties under doping, and the effect of doping on
interlayer interactions.
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I. INTRODUCTION
There has been great interest in transition metal dichalcogenides (TMDCs) particularly
in MoS2 which has been used in a wide variety of applications because of its unique physical,
optical and electrical properties.1–3 The band gap tunability from direct to indirect,1,2 good
electron mobilities,4 defect engineering including for quantum emitter applications,5 and high
current-carrying capabilities,6 opens great potential in optics and electronics. It has already
shown promising applications in lubrication, hydrodesulfurization, and optoelectronics7–10
Furthermore, numerous applications are proposed theoretically and observed experimentally
in transition-metal doped MoS2 to improve catalytic reactivity,
11–13 lubrication14 and gas
sensing.15,16 However, the detailed mechanism is still unclear for improved catalysis and
lubrication with doping, and in many cases the exact location of dopants in MoS2 is also
uncertain. Our previous work addresses the most favorable sites for Ni on 2H-MoS2 as a
function of chemical potential.17 We now extend this to a systematic exploration of different
polytypes and careful consideration of doping concentration dependence. This study will
focus on lubrication, but also give insight into optoelectronic and other properties.
MoS2 is a layered structure bound by weak Van der Waals forces between layers and strong
covalent forces within the layers giving rise to interesting applications in solid lubricants
because the weakly bound layers can slide against each other easily. Graphite is a commonly
used solid lubricant, which also has a layered Van der Waals structure but it requires a
sufficient vapor pressure by adsorbing gas and moisture to develop a low shear strength
necessary for lubricating.18 MoS2, on the other hand, works well under vacuum but shows
degradation in lubricating property under humid and high temperature for unclear reasons.19
Therefore MoS2 is preferred for solid lubrication in space applications such as NASA’s James
Webb Space Telescope10 where the wide range of temperatures precludes the use of oils or
greases for lubrication of moving parts.
A clear understanding of the mechanisms by which Ni-doped MoS2 enhances lubrication
performance of pristine MoS2 is still lacking. A recent review
20 discusses low friction mech-
anisms based on ordering of crystallites in adjacent platelets. The early experimental work
of Stupp21 studied the friction properties in MoS2 doped with various transition metals.
MoS2 doped with Ni or Ta showed the best results in terms of stable friction, excellent
endurance, easy control, good effect on aging, and lower coefficient of friction than pristine
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MoS2. Later, other researchers also confirmed the lower coefficient of friction for Ni doping
22.
Ni is more abundant23,24 and less expensive than Ta, making it more attractive. There are
already some studies on Ni doped MoS2 monolayers and nanosheets, for catalysis in solar
hydrogen production,13 adsorption of CO or NO for potential gas sensors,15 or adsorption of
O2 molecules
25, but tribological applications were not considered. Therefore there is a clear
need for theoretical and atomistic study of Ni-doped MoS2 as a lubricant.
Most of the literature on doped MoS2 is focused on electronic, optical, and catalytic ap-
plications and less on tribology. Different dopants such as Ni, Cr, Ti, Au, Zr and Sb2O3
with MoS2 have been studied
26 for the improvement of tribological properties. One popular
proposed mechanism is increase in hardness as a result of distortion of MoS2 crystal struc-
ture, and the resultant hardness reduces wear which is crucial to coating life (endurance).27,28
Driven by those experimental results, we investigated Ni-doped MoS2 structures and proper-
ties theoretically by Density Functional Theory (DFT). MoS2 can exist in different phases
26:
2H and 3R in bulk, or 1T and 1H. Friction in MoS2 involves sliding of layers, and 2H and 3R
phase only differ by stacking, i.e. sliding followed by rotation; for that reason we considered
different phases in our calculation. Also, it is found that doping may alter the phase: for
example, Li intercalation in MoS2 causes a change from 2H to 1T phase
29 and Nb substitu-
tion on Mo favors 3R over 2H.30 The possibility of alteration in phase due to doping or layer
sliding in tribology application is a main motivation for considering monolayers and other
phases in MoS2, as well as to assess whether deliberate production of different polytypes
could be improve performance.
In this paper we will consider the effect of Ni doping in MoS2 and its polytypes and
investigate changes in local structure, the energetics of dopants at different sites, the pos-
sibility of phase changes and the effect on the layer dissociation energy that might explain
reduction in wear upon doping for application in tribology. Section II discusses the details of
calculation methods. Section III discusses the choice of dopant structures of different poly-
types in MoS2. Section IV presents results on: (a) doping formation energy, (b) the effect
of doping on crystal and local structure, (c) electronic properties and (d) layer dissociation
energy. Finally, section V concludes and discusses the effect of Ni doping and give a possible
explanation for low wear in MoS2.
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II. METHODS
Our calculations use plane-wave density functional theory (DFT) implemented in the
code Quantum ESPRESSO.31,32 We used Optimized Norm-Conserving Vanderbilt33 pseu-
dopotentials with the PBE exchange-correlation functional for all of our analysis. We used
the semi-empirical Grimme-D234 van der Waals correction to the total energy, where the
use of Van der Waals correction gave better lattice parameters close to experimental results
for MoS2, as demonstrated by other researchers.
12,17 PBE calculations are done with SG15
pseudopotentials35 except for partial density of states (PDOS) where we used Pseudodojo36
to have available pseudo-wavefunctions. Kinetic energy cutoffs of 816 eV (60 Ry) and half-
shifted k-point grids of 6× 6× 2 for bulk and 12× 12× 1 for monolayers chosen to converge
the total energies within 0.001 eV/atom. Atomic coordinates were relaxed using a force
threshold of 1.0 × 10−4 Ry/bohr and the stresses were relaxed below 0.1 kbar. We used a
Gaussian smearing of 0.02 Ry for the bulk metals or whenever metallic cases arose. The
different k-grids are related to the crystal structure and number of atoms in a unit cell. The
doping concentration is varied by putting a single Ni atom in an increasing supercell scheme
such as 2 × 2 × 1, 3 × 3 × 1, 3 × 3 × 2, etc. The Ni atom fraction ranges from a minimum
of 0.5% to maximum of 17%. We decrease the k-grid in x- , y- or z-directions inversely
proportional to the super-cell size. The monolayers contain vacuum of 15 A˚ between layers.
We have tested the monolayers with dipole corrections37 in case there would be a dipole
moment in the doped phases, but the change in total energy was negligible (in the order
1× 10−4 eV) and structural parameters were the same.
Before working on doped systems, the structure of 2H-MoS2 was bench-marked with this
methodology and lattice parameters are calculated as a = b = 3.19 ± 0.02 A˚ and c = 12.39
± 0.20 A˚. The uncertainties come from a cubic fit to the total energy as a function of
the lattice parameters. These results are in good agreement with previous theoretical and
experimental calculations.38,39 For the energies of reference elemental phases, bulk Mo and
Ni are calculated in a body-centered and face-centered cubic lattice of 3.19 A˚ and 3.52 A˚
respectively with 12 × 12 × 12 half shifted k-grid in a unit cell. For bulk S, a unit cell
containing 48 atoms40 is calculated with a 3× 3× 3 k-grid. The energies of these reference
phases will be used to calculate the doping formation energy.
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III. STRUCTURE AND DOPING SITE SELECTION
MoS2 can exist in different possible structures in bulk and mono-layer phases.
26 The
known phases of MoS2 are the semiconducting 1H (hexagonal monolayer), metallic 1T (trig-
onal monolayer), semiconducting 2H bulk and semiconducting bulk 3R (rhombohedral). The
1H, 2H and 3R phases contain 3, 6, and 9 atoms in a conventional unit cell respectively,
and they differ by stacking. In 1H and 1T, each sheet of MoS2 is stacked exactly above each
other (AA stacking). In 2H, the Mo atom in one layer is above S atom of the preceding one,
forming AB stacking, and 3R has ABC stacking containing 3 sheets per unit cell. 1H and
1T differ by coordination around Mo where 1H has trigonal prismatic coordination and 1T
has octahedral bonding. Theoretical41,42 calculations and experiments43 show 1T is unstable
with respect to distortions and may result in more stable phases such as 1T′, 1T′′or 1T′′′.
In 3R, all sheets have the same orientation, but 2H has inversion symmetry between sheets.
Our DFT calculation shows only a small difference in total energy of 2H and 3R phase (2H
is lower by 0.0003 eV per MoS2 unit) and agrees with the previous literature
44. On the
other hand, in the monolayers, we found 1H phase is more favorable than 1T by 0.85 eV per
MoS2 unit, which also agrees with previous literature.
44 The different structures of MoS2
polytypes and formation energy results are shown in Fig. 1 and Fig. 2.
Next, we considered the most probable sites for dopant to reside on different phases of
MoS2. The different chosen sites include substitutions, intercalations/adatoms in bulk and
monolayers and are shown in Fig. 3. We have also considered the bridge site along the Mo-S
bond but found that intercalation/adatom in this site relaxed to tetrahedral intercalation
in 2H and 3R, Mo atop in 1H and hollow site in 1T. Therefore the bridge site was not
considered in further calculations. We will use these sites and study the various structural
and electronic properties of Ni doped MoS2.
IV. RESULTS AND DISCUSSION
In this section, the structural changes such as change in lattice parameters, change in
bond length, the doping formation energy as a function of inverse of volume, electronic
properties and layer dissociation energy under Ni doping are discussed.
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FIG. 1: Structure of MoS2 polytypes with conventional unit cell marked by line. Mo is gray and
S is yellow. 1H is a single monolayer sheet of MoS2 containing 3 atoms per unit cell, as in each
sheet of 2H or 3R.
A. Doping Formation Energy
The doping formation energy calculation tells us the energy needed to incorporate the
dopant (Ni) into the host system (MoS2). The doping formation energy is calculated as:
Eformation = Esystem −NEpristine − ENi + Eremoved (1)
for substitution cases, and
Eformation = Esystem −NEpristine − ENi (2)
for intercalation cases, where Esystem is the energy of the doped system, N is the multi-
plicative factor for supercell size (for example, N=12 for 2 × 2 × 3 supercell), Epristine is
the energy of the corresponding phase of MoS2, ENi and Eremoved are the energy per atom
of dopant (Ni) and removed atom respectively calculated from their bulk phases, according
to the methodology adopted from previous literature.45,46 For example, in 2 × 2 × 1 Mo
substitution by Ni in 2H, Esystem is the energy of NiMo7S16, N is 4, ENi and Eremoved are the
7
FIG. 2: DFT calculation of formation energy per unit of MoS2 in MoS2 polytypes, with respect
to bulk Mo and S. The most stable monolayer is 1H phase, and 2H and 3R are equally stable in
bulk phase.
energy per atom of bulk Ni and Mo and Epristine is energy of Mo2S4. Similarly in 4× 4× 1
Ni intercalation in 2H, Esystem is the energy of NiMo32S64 and N is 16. Note that doping
formation energy is not sufficient to describe the favorable site for dopant, because that
depends on the chemical potentials during the growth process, as described in detail in our
previous work.17
1. Monolayers
The doping formation energies for Ni doped MoS2 in 1H and 1T phases with Mo or S
substitution and different adatom sites (as shown in Fig. 3) are computed. The calculations
are done with supercells from 2×2×1 to 4×4×1. Fig. 4 shows the doping formation energy
calculation for adatoms in different sites in 1H and 1T monolayer of 4× 4× 1 supercell. We
find doping formation energy is lower in 1T than 1H, which means it is easier to dope Ni
into the 1T phase than 1H. In 1H, the adatom on Mo is more energetically favored than
any other adatom case and this result along with Mo-Ni (2.52 A˚) and Ni-S (2.12 A˚) bond
lengths is in accordance with previous literature.47,48 In 1T, Ni adatom on hollow is most
favored adatom site and similar result were previously reported.49
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FIG. 3: Different dopant sites for Ni in 2H and 1H MoS2. The left and right column are 2H and
1H structure with top and side views along the rows. This includes substitution in the Mo site-
or S site, tetrahedral or octahedral for bulk phases (2H and 3R), and Mo-atop, S-atop and hollow
adatoms for 1H and 1T (monolayers). 3R is similar to 2H. The top layer is the same for 1H and
1T.
Doping formation energy for substitution of Mo and S is also lower in 1T than 1H. Fig.
5 (b) shows the substitutional doping formation energy in monolayer MoS2. We found neg-
ative doping formation energy for all cases in 1T phase, and hence Ni can be incorporated
favorably into 1T MoS2. A recent experiment reported formation of the 1T phase under
Ni substitution of Mo in MoS2 (Ni0.19Mo0.81S2 composition).
43 Negative doping formation
energy in substitutions were seen starting from 3 × 3 × 1 supercell (below 4% atomic con-
centration), whereas high doping condition had a positive doping formation energy. As
described in previous calculation,17 the chemical potential also plays an important role in
determining the favorable structures. Having lower doping formation energy in doped 1T
suggests it is more likely to form Ni-doped 1T MoS2 than pristine 1T phase as shown in
Ref. 43. But, total energy of Ni-doped 1H is always lower than Ni-doped 1T in all of the
doping cases, as shown in Fig. 5 (a). This means given Mo, S and Ni atoms, it is more
probable to see formation of Ni-doped 1H phase than Ni-doped 1T. Ni-doping reduces the
difference in energy between 1H and 1T as shown in Fig. 5 (a), which is partly due to
reconstruction of the doped 1T, as discussed later. Mo substitution showed larger reduction
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FIG. 4: The doping formation energy for various adatom sites in monolayer 1H and 1T in
4× 4× 1 supercell. The doping formation energy is calculated in reference to bulk Ni and pristine
1H and 1T MoS2. The star symbol is the value for doping formation energy and the images
depict the structure (side and top view in some cases).
in the energy difference. The difference is even smaller with high doping concentration. For
example in Mo substitution, the difference is 0.42 eV and 0.23 eV per MoS2 unit in 8% and
2% of doping concentration respectively. Transition from Ni-doped 1H phase to Ni-doped 1T
phase is possible under addition of external energy such as thermal energy in higher doping
concentration and the possibility is more for Mo substituted case. The difference in doping
formation energy with increase in supercell sizes (or decrease in doping concentration) is
smaller in 1H than 1T indicating faster convergence with smaller magnitude of slope when
plotted doping formation energy with inverse of volume. We will discuss the importance of
such plots in next section.
2. Bulk
The energetics of Ni-doped MoS2 in bulk phase (2H and 3R) is presented here. In 2H,
the tetrahedral intercalation is more energetically favored than octahedral intercalation, and
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FIG. 5: (a) Energy difference (1T-1H) per MoS2 for doped and undoped monolayer with
4× 4× 1 supercell. The lower in total energy for 1H suggests formation of 1H phase is more likely
given isolated Mo, Ni and S atoms. (b) Doping formation energy for Mo and S substitution in 1H
and 1T phase. The doping formation energy is calculated in reference to bulk Ni and pristine 1H
and 1T MoS2 for their respective phase. The red dotted line is line for zero energy. Below this
line is negative doping formation energy and this implies that doping 1T phases is energetically
favorable, and more favorable than 1H.
chemical potential determines favorability with respect to substitutions.17 The tetrahedral
intercalation site is Mo-atop and S-atop with respect to the sheets on the either side. Oc-
tahedral intercalation is another type of intercalation in 2H and consists of hollow sites on
each sheet. In 3R, we find three metastable intercalation cases. There are two sites with
tetrahedral geometry: in one, the Ni atom is Mo atop for one sheet and S atop for the other
(“Mo-S atop”); in the second, the Ni atom is the hollow site for one sheet and Mo atop for
the other (“hollow/Mo atop”). The third intercalation site has trigonal pyramidal geometry
consisting of Mo atop for one sheet and the bridge site for the other. In 3R, the Mo-S atop
tetrahedral intercalation (similar to 2H tetrahedral intercalation) is the most favored inter-
calation site. These most favorable sites in bulk phases are clearly related to energetics in
the 1H phase. As discussed in Section IV A 1, adatom on Mo was the most favorable site in
1H and all the most favored sites in bulk (2H and 3R) involve of Mo atop. The intercalation
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acts as adatom on either side of layers and lower doping formation energy is achieved if the
intercalant site resembles the lowest-energy adatom sites. This shows direct consequences
of formation energies in monolayers to interpret their bulk counterparts.
The plots for doping formation energy as a function of inverse of volume in 2H phase is
shown Fig. 6. The idea of extrapolation of defect energies to the low concentration limit
(based on behavior of both local strain and electrostatics) as a function of the inverse of
volume was introduced by Makov and Payne50 and we are using same method for dopant
formation energy as a function of supercell. As shown in Fig. 6, the doping formation energy
variation is small along the z-axis for Mo substitution, S substitution and intercalations
(octahedral and tetrahedral) (1 × 1 × N and 2 × 2 × N) and this is expected due to weak
interaction between layers along the z-direction. The trend in doping formation energy for
in-plane supercells (N ×N ×1 and N ×N ×2) seems to fluctuate in the beginning but later
the extrapolated plot (red line) converges to common point in substitutions. A very low
doping concentration can be understood via extrapolation to zero (red line in Fig. 6) and
supercells series may (Mo substitutions) or may not (S substitution, intercalations) converge
to a common point. A low doping concentration calculation involve a large number of atoms
and computationally it is time-consuming and more efficient to extrapolate. This supercell
series scheme and extrapolation to zero in inverse of volume plot may become useful not only
to understand the low doping concentration results but also to check any other convergence
pattern to the series (for example in intercalation cases). When we compared the total
energy with different supercell size but containing same number of MoS2 unit, we found
significant difference (around 1 eV) for smaller supercells (1 × 1 × 4 vs 2 × 2 × 1) but this
difference was lowered (around 0.2 eV) with larger supercells (4× 4× 1 vs 2× 2× 4). This
variation arises from the spatial arrangement of dopant atoms and can be thought as micro
clustering of dopant or the effect of local ordering of dopants. This can be clearly observed
in the extrapolated lines in Fig. 6 where the doping formation energies are closer as supercell
size increases.
Next, we compared the energy difference between 2H and 3R with supercells chosen (i.e.
2×2×2 for 3R and 2×2×3 for 2H) to have 24 units of MoS2. We found that doped 3R was
lower in energy by 0.04 eV, 0.06 eV and 0.002 eV for Mo substitution, S substitution and
tetrahedral intercalation respectively. This suggest a possibility of phase change from 2H to
3R especially in substitutional doping. The energy difference between pristine 2H and 3R
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on these structure is 0.006 eV (2H being lower in energy). In experiment, Mo substitution
by Ni was reported to modify stacking sequence of MoS2 layers forming 3R
51 and this is
consistent with our calculation. It has also been shown that other dopants can do the same
thing; phase change from 2H to 3R was reported for Nb substitution of Mo in MoS2.
30
The insensitivity in stacking between 2H and 3R has been further reduced in tetrahedral
intercalation compared to pristine by a factor of 3. This is suggests low barriers to sliding
and hence low friction.
FIG. 6: Doping formation energy in Ni-doped 2H-MoS2 with respect to volume per Ni atom, in
a) intercalations, b) S substitution and c) Mo substitution. The doping formation energy is
calculated in reference to bulk Ni, Mo, S and pristine 2H MoS2. N is the parameter for the
supercell size. The supercell series varying along z-axis do not change much in doping formation
energy while series varying in xy plane change initially but then converge. Tetrahedral
intercalation is favored over octahedral by a fairly constant amount at all supercells. Red lines
show extrapolation to low-doping limit.
B. Structural parameters
Incorporating Ni into MoS2 not only changes the energy, but also can cause local changes
in structure, which we study through changes in bond lengths and lattice parameters. The
maximum change in Ni-S and Ni-Mo bond with respect to pristine Mo-S bond length after
doping is around 8% for the highest doping concentration (1 Ni in 1 × 1 × 1 2H MoS2)
in all considered sites. All other Mo-S bond lengths away from the doping site were very
close to the pristine Mo-S bond (differ by 0.04 A˚), showing only a local effect on bonding.
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FIG. 7: Intercalations in 2H and 3R. The bold text represents the type of intercalation. For each
image, there are two corresponding monolayer images showing how the intercalation looks with
respect to the 1H monolayer on either side.
For 1 × 1 × 1, the Ni-S bond length in Mo substitution was 2.23 A˚ and the Ni-Mo bond
in S substitution was 2.55 A˚. The Mo-S bond length in pristine MoS2 is 2.41 A˚, so this
is a reduction in the bond length in Mo substitution, and an elongation in S substitution,
as shown in Table I. These bond lengths for substitutional doping are consistent with a
covalent bond, judging by the covalent radii52,53 of Mo = 1.45 A˚, Ni = 1.21 A˚ and S = 1.02
A˚, which provide typical covalent bond lengths of 2.23 A˚ for Ni-S and 2.66 A˚ for Ni-Mo.
Tetrahedral intercalation also shows covalent bonds: the bond length between Ni-Mo and
Ni-S are 2.73 A˚ and 2.15 A˚ respectively, which are far lower than the sum of Van der Waals
radii (S=1.81 A˚54, Ni=1.97 A˚55 and Mo=2.16A˚55) which clearly shows that intercalated Ni
is interacting with covalent rather than Van der Waals interactions. This conclusion is in
agreement with results from Guerrero et al. based on electron density.17 For concentrations
less than 1% of Mo substitution, we found only 4 Ni-S bonds instead of six, a similar pattern
to a Jahn-Teller distortion, thus breaking crystal symmetry in both 2H and 3R. A five-fold
co-ordination was reported12 for Ni substituting Mo at a basal plane surface, attributed to
population of anti-bonding d-orbitals by extra charge from Ni. Four-fold co-ordination like
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TABLE I: Bond length comparison in 2H and 3R under Mo and S substitution by Ni.
Pristine Mo-S =2.41 A˚ 2H (1× 1× 1) 2H (4× 4× 1) 3R (1× 1× 1) 3R (4× 4× 1)
Covalent radii sum: Ni-S = 2.23 A˚
Covalent radii sum: Ni-Mo = 2.66 A˚
Ni-S (Mo substitution) 2.23 A˚ 2.23 A˚ 2.25 A˚ 2.24 A˚
Ni-Mo (S substitution) 2.67 A˚ 2.55 A˚ 2.58 A˚ 2.55 A˚
our result was reported in a previous theoretical calculation for Mo substituted 2H-MoS2.
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Different kinds of distortions occur in the monolayer 1T phase related to its instability
to 1T′ and related reconstructions. Various patterns of Mo atom clustering were observed
depending on supercell size and doping scheme. Later, removal (in adatom) or replacement
(in substitutions) of Ni atom with respective Mo or S atom was done and the structure
was fully relaxed to ensure the new resulted phase is the stable one and see if it turns back
to original 1T phase. After relaxation, most of the structures ended up previously known
phases41,42,57,58 2a×2a or a√3×a√3 while a few structures were not found in the literature
and may indicate new metastable phases of 1T. Note that N×N supercells where N is even
are compatible with forming only 2a× a or 2a× 2a structures, while the 3× 3 supercell is
commensurate with a
√
3× a√3. The details of new phases after removal/replacement with
relaxation is shown in Table II, where the identified phase’s lattice parameter and Mo-Mo
distance are matched closely with Zhuang et al.57 Some of the examples of unique Mo-Mo
clustering under doping and after removal/replacement is shown in Fig. 8. The 2a× 2a and
a
√
3 × a√3 structures are 0.21 eV and 0.19 eV per MoS2 lower respectively, than 1T. The
unclear phases are obtained after 3× 3× 1 and 4× 4× 1 Mo substitution and the energy is
0.08 eV and 0.15 eV per MoS2 lower respectively than 1T.
1H, on the other hand, showed no sign of reconstructions and structural effects are similar
to the 2H phase. As observed in bulk phases, in Mo substitution the Ni-S bond is decreased
to 2.34 A˚ and in S substitution the Ni-Mo bond is increased to 2.51 A˚ compared to the
Mo-S bond (2.41 A˚) in the pristine case for all supercells considered. Similarly Mo-atop has
bond length of Ni-Mo 2.55 A˚ and S-atop has bond length of Ni-S 1.96 A˚. Similar to bulk
results, the bond length compares well with the expectation from covalent radii except for
the S-atop case, which is considerably shorter.
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FIG. 8: Different reconstructed phases achieved in Ni-doped 1T with unique Mo-Mo atom
clustering. The upper row is the structure with Ni doping; the lower row is the structure after
removal or replacement of Ni atom with appropriate Mo or S atom and relaxation. The red
diamond is a reconstructed unit cell: (b) lattice parameter 5.64 A˚, a
√
3× a√3 structure, and (c)
6.44 A˚, 2a× 2a structure, in accordance with Ref. 57.
TABLE II: The different phases resulted after removal/replacement of Ni atom in
Ni-doped 1T. 2a× 2a and a√3× a√3 are the previously known metastable phases of 1T.57
Here, d is the shortest Mo-Mo distance, characterizing clustering.
Supercell size 2× 2× 1 3× 3× 1 4× 4× 1
Mo substitution 2a× 2a, d = 2.73 A˚ Not known, d = 3.03 A˚ Not known, d = 2.78 A˚
S substitution 2a× 2a, d = 2.78 A˚ a√3× a√3, d = 3.03 A˚ 2a× 2a, d = 2.80 A˚
Hollow site 2a× 2a, d = 2.78 A˚ a√3× a√3, d = 2.84 A˚ 2a× 2a, d = 2.78 A˚
Turning our attention to the lattice parameters, the change in plane (a and b) were small
(change was less than 2%) in all of the doping sites in all of the polytypes (see Table III).
However, the c parameter (lattice parameter out of plane) decreases slightly in 2H and 3R
phase under substitutional cases. In intercalations, the c parameter was reduced slightly,
though perhaps not significantly (within error bar) even though intercalations are usually
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TABLE III: The lattice parameters a and c (all in A˚) under different doping cases in
polytypes (2× 2× 1). The lattice b is not listed here as in all cases we found b = a. The
lattice parameters are expressed in terms of the conventional unit cell of MoS2. The error
bar displayed for c-parameter comes from insensitivity of energy change along c-direction
where the threshold is set to 0.01 eV. Only substitutional doping has shown to decrease
the c-parameter whereas the intercalations lies mostly within the error bar of pristine and
the mean value indicate unaltered or small expansion along c. The monolayers do not have
a c parameter.
System c (2H) c (3R) a (2H) a (3R) a (1H) a (1T)
Pristine 12.4 ± 0.1 18.5 ± 0.1 3.19 3.19 3.19 3.18
Mo substitution 12.3 ± 0.1 18.4 ± 0.1 3.20 3.20 3.21 3.21
S substitution 12.2 ± 0.1 18.3 ± 0.1 3.17 3.18 3.15 3.16
Intercalation 12.5 ± 0.2
(tetrahedral)
18.7 ± 0.2 (Mo-S
atop tetrahedral)
3.19 3.20 3.20 (Mo-atop) 3.20 (Mo-atop)
Intercalation 12.4 ± 0.2
(octahedral)
18.5 ± 0.2 (trigo-
nal pyramidal)
3.19 3.19 3.19 (S-atop) 3.23 (hollow)
expected to increase the c parameter due to Van der Waals interaction with the intercalant.59
However, as shown by Guerrero et al.,17 Ni intercalant forms convalent bonds, resulting in
little or no change in interlayer spacing on intercalation. The error bar in c parameters in
Table III is due to insensitivity in total energy change in c direction with weak Van der
Waals interactions, and such insensitivity was not observed along the stronger bonded a
and b directions. This error bar is calculated by parabolic fitting of total energy vs c and
finding the range of c where the energy change is less than 0.01 eV. Table III summarizes the
overall effect in lattice parameters. These calculations are for the single dopant in a pristine
system, which is relatively a high doping concentration (16% for substitution and 14% for
intercalation in 2H) and as we lower the doping concentration (for example in 3 × 3 × 1
supercell) all lattice parameters necessarily converge towards the pristine value as the effect
of a single Ni atom is diluted among pristine surrounding.
These structural results can be a guide to locate the Ni site in Ni-doped MoS2. Small
expansion or unaltered interlayer spacing may indicate the presence of intercalants via X-ray
17
TABLE IV: Comments on density of states result around Fermi level for Ni-doped 1T.
Supercell size 2× 2× 1 3× 3× 1 4× 4× 1
Mo substitution No gap No gap Gap (0.20 eV)
S substitution Gap (0.12 eV) Gap (0.60 eV) No gap
Hollow site Gap (0.31 eV) Gap (0.40 eV) Gap (0.18 eV)
diffraction or atomic force microscopy measurements.60 The contraction of layer may suggest
substitutional doping. In recent experimental work in Ni-doped MoS2 flakes, Mosconi et al.
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have found layer contraction in MoS2 and based on absence of Ni sulfide/oxide diffraction
peaks, they interpreted their results as indicating Mo substitution. Our results also show
layer contraction in Mo substitution, in accordance with their findings. To distinguish
between Mo or S substitution, the bond length can be observed if it has contracted (Mo
substitution) or elongated (S substitution) via TEM, STM or EXAFS. Thus, these results
may be useful to experimentalists to characterize the Ni location in MoS2.
C. Electronic properties
We studied the electronic properties to understand the nature of bonding as well as to
provide the effects of Ni doping that may become useful for electronic applications. It is
important to note when undoped, 1T phase is metallic, 1H is semiconducting with direct
band gap, and 2H and 3R are semiconducting with indirect band gap.38,61 We find that Ni
doping turns semiconducting bulk phases (2H and 3R) into metallic under Mo substitution
as shown in Fig. 9. The partial density of states (PDOS) calculation reveals such metallic
character arises due to combined contribution of Ni, Mo and S at the valence band maximum.
The atomic contribution comes from d orbital of Mo and Ni and p orbital from S. In all other
cases, S substitution and intercalations in 2H and 3R preserved the semi-conducting nature.
In 1H monolayer, Mo substitution showed a single in-gap state whereas S substitution showed
two in-gap states at the band edges as shown in Fig. 9 (c) and (d). These in-gap states come
as a combined contribution from Mo, Ni and S atom where d-orbitals of Mo and Ni and
p-orbitals from S contribute. Similar to this result in 1H S substitution, two in-gap states at
band edges were reported by Zhao et al.62 All the adatom cases in 1H showed semiconducting
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TABLE V: Net charge on Ni from Lo¨wdin charges) in different doping cases.
Atom Mo substitution S substitution Intercalations
Ni +0.75 +0.38 +0.52
behavior. 1T, on the other hand, showed metal to insulator transition in most of the doping
cases and a few cases were metallic. This anomalous behavior in electronic properties comes
from the unique clustering of Mo atoms which depends both on doping scheme and doping
concentration. The qualitative description of electronic properties is summarized in Table
IV. These results might be useful for different optical and electronic applications. The in-
gap states could be useful for optoelectronic application such as quantum emitters.63,64 The
metallic Mo-substituted 2H MoS2 could be used as an electrode for electrochemical energy
storage devices; Pristine 2H MoS2 is not an ideal electrode material
65 due to its semi-
conducting nature and attempts were made previously to enhance electrical conductivity
with hybrid electrodes.66,67 As discussed in the previous section, the signature of metallic
MoS2 in 2H or 3R could be another prospect of confirming Ni substituting Mo in MoS2 which
can confirmed via transport measurements or STM. Finally, we computed local charges on
each atoms by integrating the partial density of states and Lo¨wdin charges68 and found small
changes in local electron numbers for Mo, S and Ni. This analysis show Ni in Mo substitution
has the most partial positive charge and is followed by intercalations and S substitution as
least positive. The details of Lo¨wdin charge is shown in Table V. The oxidation state of
Ni also inform about the location of Ni and there were attempts to measure with XPS
assuming Ni0 as intercalation and Ni2+ as Mo substitution. However, our result on Lo¨wdin
charges does not show significant difference in oxidation state between Mo substitution and
intercalation.
D. Layer dissociation energy
The layer dissociation energy is defined as the energy required to dissociate MoS2 into
separate layers and gives an idea about binding strength between the layers. We can assess
how layer dissociation energy changes with doping. This idea itself is derived from the work
of Mounet et al.,69 where they identified a list of easily and potentially exfoliable compounds
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FIG. 9: The density of states calculation. The blue dotted curve in (a),(c),(d) is the pristine
density of states. (b) is the partial density of states for 2H in Mo substitution. The broadening of
0.02 eV and k-grid sampling of 20× 20× 1 for 4× 4× 1 monolayers and 20× 20× 10 for 2× 2× 1
bulk was used. At the Fermi level, we find (a) metallic behavior, (c) one in-gap state, and (d) two
in-gap states.
from a large database (pristine MoS2 was classified as easily exfoliable). We calculated the
layer dissociation energy for pristine 2H and 3R MoS2 as
∆E1 = N × E1H(pristine) − Ebulk(pristine) (3)
Here, ∆E1 is layer dissociation energy for pristine, N is the number of layers in a bulk system,
E1H(pristine) is the energy of monolayer of equivalent size used in E1H(doped), and Ebulk(pristine)
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is the energy of the undoped bulk system. Similarly, layer dissociation for doped system is
given by ∆E2:
∆E2 = E1H(doped) + M × E1H(pristine) − Ebulk(doped) (4)
E1Hdoped is the energy of the doped monolayer of equivalent size and structure as used in
E1H(pristine), M is number of layers not containing dopant and is equal to N − 1 in our case,
and Ebulk(doped) is the energy of the doped bulk system. To illustrate this, consider the
2 × 2 × 2 supercell of 2H with Mo substitution by Ni. Here, N = 4, M = 3, Ebulk(pristine)
is the energy of 2 × 2 × 2 undoped MoS2 (Mo16S32), E1H(pristine) is the energy of 2 × 2 × 1
undoped 1H MoS2 (Mo4S8), E1H(doped) is the energy of Mo-substituted 2 × 2 × 1 1H phase
(NiMo3S8), and Ebulk(doped) is the energy of Mo-substituted 2× 2× 2 2H phase (NiMo15S32).
Given these quantities, we define a relative layer dissociation energy is by
∆E1 −∆E2 (5)
The relative layer dissociation energy accounts for layer dissociation energy with respect to
pristine system per Ni dopant atom. The absolute value of layer dissociation in a supercell
can be much bigger than the pristine primitive cell’s and so it is more convenient to analyze
this relative quantity.
In intercalation cases, we need to consider whether the dopant will remain in place or relax
to favorable sites as shown in left side of Fig. 4. For example, 2H octahedral intercalation
consists of two hollow sites initially with respect to the two layers, and when layers are
dissociated the dopant may remain as before in the hollow or may move to the most favorable
site, i.e. Mo atop. An adiabatic dissociation would lead to the dopant remaining at the initial
site, but the dopant may relax to the most favorable site depending on the thermal energy
available to overcome the barrier. The relative layer dissociation energy is always smaller
with monolayer relaxation than in the adiabatic case. In tetrahedral intercalation, the
dissociated layer with S-atop has higher binding than Mo-atop which is expected since Mo-
atop is much strongly bound (Section IV A 1) and hence it takes more energy to dissociate
Ni in Mo-atop. The total energy difference between Mo-atop and S-atop is 1.68 eV and the
average difference in relative layer dissociation in tetrahedral intercalation for Mo-atop and
S-atop is 1.70 eV which confirms the origin of differences in relative layer dissociation in
intercalation for different choice of Ni site after dissociation as shown in Fig. 10 (a). We
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have considered all the different doping cases and found that nearly all cases increase the
binding energy between the layers with intercalation being the most effective case as shown
in Fig. 10. In Fig. 10 (b), we have considered the most stable case with respect to 1H (i.e.
Mo-atop) for plotting.
FIG. 10: (a) Relative layer dissociation energy in 2H MoS2 for different doping sites and
concentrations, showing a general increase in interlayer binding with doping. (b) Relative layer
dissociation energy in 3R MoS2. The most stable monolayer adatom site is used for 3R
intercalations.
Our calculation shows the layer dissociation energy is 0.15 eV per MoS2 unit in the layer.
We see from Fig. 10 that the overall effect for the doped system in 2H or 3R is to increase
the layer dissociation energy. The additional binding between the layers is strongest with
intercalation while the substitution contributes relatively less. The cause for this can be
explained by Ni forming a covalent bond as intercalant as discussed earlier.17 This shows
Ni doping is strengthening the binding between layers which may result in lower wear rate
and can explain the experimental report of low wear rate in Ni-doped MoS2.
70 The lower
wear rate is an important parameter leading to longer life of MoS2 material for lubrication
application. We may expect to see a similar trend in the work of adhesion, defined as the
energy needed to divide the material – in this case, to split up two layers in a bulk stack,
whereas the layer dissociation energy involes splitting apart all the layers. The work of
adhesion is related to friction has been shown by Pastewkaa et al.71
If we compare Ni doped 2H and 3R phase tetrahedral intercalation (the most favorable
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structure), 3R has higher layer dissociation energy in most cases by 0.15 eV in average.
Also, we found similar structural changes around Ni and a similar trend in doping doping
formation energy. Also, doping formation energy and the total energy calculation reveals
only a small difference between 2H and 3R tetrahedral intercalation (3R is favored by 0.01
eV in doping formation energy and 0.002 eV in total energy). Based on small edge in layer
dissociation energy, 3R may be an attractive target for further efforts on Ni-doped MoS2
synthesis. The layer binding should not be significantly different between these two phases
but coefficient of friction needs to be tested in experiment.
V. CONCLUSION
In this work, we studied MoS2 and its different phases by doping with Ni. First, we
found that the most energetically favorable sites for Ni to be adatom on Mo (or Mo-atop) in
1H monolayer, adatom in hollow in 1T monolayer, tetrahedral intercalation in 2H bulk and
2H like intercalation in 3R (Mo-S atop). We found bond length contraction and expansion
in Mo and S substitution in bulk phases irrespective of doping concentration which may
be useful to determine substitutional doping. Similarly, lattice parameter out of plane has
contracted at high Ni concentration during substitution and unaltered/expanded during
intercalations. The overall Mo-S bond length other than dopant site was close to pristine
and lattice parameters converged to pristine at lower doping profile indicating Ni doping has
only a local effect. We also found possibility of phase change from 2H to 3R under Mo or S
substitution and Ni doped 1T phase went into another metastable phase some of which we
recognize as 2a× 2a and a√3× a√3 by relaxing with Ni atom removal/replacement. While
studying the electronic properties, we found interesting properties that the semiconducting
nature of MoS2 turned into metallic in bulk phases only at Mo substitution by Ni whereas
substitution in 1H showed a sign of semiconducting with in-gap states of potential interest
for quantum emitters. The Ni-doped 1T mostly showed metal to insulator transition due to
phase change. All the adatom cases in 1H, and intercalations and S substitution in 2H and
3R were semiconducting. Lastly, we computed the layer dissociation energy where doped
MoS2 shows stronger binding between layers than pristine. Ni in tetrahedral sites reduces
the barrier of stacking sequence by a factor of 3 indicating ease in layer sliding owing to
low friction. Hence, in conclusion we present local effect on bonding, structural changes, a
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possibility of phase change, interesting electronic properties upon Ni doping and finally layer
dissociation energy which relates to lubrication performance lifetime (wear) which may help
to increase the life of MoS2 for this kind of application. We also hypothesized the cause for
low friction in Ni-doped MoS2 may come from Ni acting as intercalants between layers where
expansion of layer due to intercalation lowers the interaction between layers facilitating ease
layer sliding. The friction studies on 3R phase has not been reported and will be interesting
to see its result and how does it compare to 2H in future work.
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